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ABSTRACT 


This study examines the possibilities of using waste 
products from chemical plants to improve waterflood effi- 
ciency. Displacement tests were run using the sample solu- 
tions from chemical plants to displace a heavy crude oil 
from artificial packs of unconsolidated sand. 

The result of displacement tests showed that sample 
solutions having either high surfactant concentrations or 
high pH values, gave significant increases in oil recovery. 

Samples G, E and B in brine at a concentration of 
one percent by weight or greater increased oil recovery 
Significantly. However, pure sample solutions were some- 
what less effective than the sample-brine mixtures. 

The recovery mechanism in the successful sample 
floodings may involve saponification of carboxylic acids in 
crude oil, sharp reduction of water-oil interfacial tension 
and in situ emulsification. Viscous water-in-oil emulsion 
so formed displaces oil very efficiently with stabilized 
emulsion bank front reducing viscous fingering and even- 
tually increasing volumetric sweep efficiency. 

The delayed Sample G injections into the flooded 
out cores increased oil recovery indicating that sample 
solutions can be used in tertiary recovery. However, the 


greater effect on recovery was noted to occur when sample 
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solutions were used from the early stage of flooding. 

A feasibility test of slug injection was carried 
out. A 0.2 pore volume slug of Sample G followed by brine 
flooding showed practically the same recovery performance as 
that of continuous Sample G flood. The cost of sample flood 
could therefore be reduced significantly by using slugs 
rather than continuous sample injection. 

Infrared absorption tests exhibited the presence of 
carboxylic acids in Lloydminster crude oil and carboxylate 
anions in sample solutions. The carboxylate anions are 
believed to be major contributors to interfacial activities. 

In addition to surfactants, the presence of inorganic 
salts such as sodium chloride in aqueous solutions acceler- 
ated the reduction of water-oil interfacial tension. A 
theoretical explanation for this phenomenon is given based 


on Gibb's adsorption equation. 
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INTRODUCTION 


Waterflooding has been a dominant secondary recovery 
method in many areas for a long time. In western Canada 
more than 95% of secondary recovery projects are waterfloods 
and economics will probably dictate the use of water as a 
flooding medium in most future projects (1). 

High viscosity crude oil is found in a number of 
sand reservoirs in western Canada. The Sparky sand in the 
Lloydminster area is a fine to medium grained unconsolidated 
sandstone (2). Several types of enhanced recovery methods 
attempted have proved unsatisfactory. 

Primary recoveries by solution gas drive are low, 
averaging only 4 - 6% of the oil in place, due to the low 
solution gas available and the viscous nature of the oil. 
Total recovery by primary and conventional waterflooding 
is expected to be about 10% of the initial oil in place (3). 
In general, low oil recovery by waterflooding of heavy 
crude oil reservoirs is attributed to low sweep and dis- 
placement efficiencies. Sweep efficiency is primarilly 
affected by reservoir heterogeneities and mobility ratio, 
while displacement efficiency is affected by the capillary 
forces between fluids and rock surfaces (4). 

A review of the literature indicated that certain 
Chemicals in the water phase increase the waterflooding 


efficiency by controlling factors such as mobility ratio, 
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capillary pressure and wettability of the rock. However, 
the high price of chemicals and the loss of chemicals by 
adsorption at solid-liguid interfaces generally discourage 
their use. Tharerora: the need for finding cheaper subst- 
itutes having the same effects is apparent. 

Many intermediate and product streams within a 
hydrocarbon processing plant contain one or more of a 
variety of acidic components. Included among the acids 
usually present are HS, mercaptans (RSH), phenols, thio- 
phenols, and naphthenic acids (5). These acids must be 
removed or reduced to certain specified limits for many 
different reasons. Sodium hydroxide SG lation is generally 
used for that purpose. Since these acids generally have 
undesirable, pollutant effects such as high oxygen demand, 
toxicity, and taste and odor, aqueous effluents containing 
these acids should be treated to meet the local pollution 
regulation before they drain into natural waterways. 

However, some of these acids possess high surface 
activity in contact with alkaline solution. This suggests 
that the waste effluents may be used as additives in water- 
flooding processes to increase oil recovery. Therefore, it 
was the purpose of this study to determine if the waste 
effluents from chemical plants could increase the recovery 


of high viscosity crude oil from unconsolidated sands. 
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LITERATURE REVIEW 
Controllable Factors Affecting Waterflooding 


The success of waterflooding as a secondary recovery 
measure depends on a complex interaction of the various 
fluids and reservoir properties. While most of these proper- 
ties are fixed and uncontrollable, there are some properties 
which can be controlled to enhance the waterflood efficiency. 
Among these are rock wettability, interfacial tensions and 
Oil-water viscosity ratio. 

Wettability can be defined as the tendency of one 
fluid to spread on or adhere to a solid surface in the pres- 
ence of other immiscible fluids (6). Jennings (7) defined 
a preferentially water wet solid as a solid upon which the 
advancing contact angle in a solid-water-oil system is 
smaller than 90 degrees when measured through the water. 
Similarily a preferentially oil wet solid was defined as a 
solid upon which the advancing contact angle measured through 
the oil is smaller than 90 degrees. He found that relative 
permeability, capillary pressure and water TrOOdeDLLLLY OL 
natural and synthetic porous media were influenced by the 
preferential wettability of the solid surface. 

Some investigators (8, 9, 10) have found that more 
oil is recovered from preferentially water-wet systems than 


preferentially oil-wet cores. Others’ (lL, 82, 13) ~1ndicate 
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that waterflood oil recovery from cores of intermediate 
wettability may be greater than that from either strongly 
water-wet or eT dhe y Oil-wet cores. Capillary forces in 
water-wet systems lead to bypassing of oil in the large 
pores while in the oil-wet system oil is bypassed in the 
small pores. The importance of these forces is diminished 
in intermediate wettability system. 

Berner et al (14)°"found’ that with’ all ofthe’ crude 
oils investigated there was a hysteresis of the interfacial 
contact angle. The oil water interface gave one angle 
against the solid when water was advancing and a different 
angle when water was receding. They also found that sponta- 
neous displacement of oil by water occured only when both 
angles were less than 90 degrees. 

A number Of authors (15, l6,° 17, I8)-nhaveshown that 
coring fluids, core handling techniques and storage can 
cause significant changes in the wettability of rock sur- 
faces. The authors emphasize that special core handling 
techniques are required to preserve the original reservoir 
wettability of cores. Mungan (19) found that some originally 
oil-wet samples become water wet after they were exposed to 
air for a week. Other investigators (20) have reported cases 
in which air exposure resulted in cores becoming less water 
wet. Mungan (21) also stated that the original wettability 
of the weathered cores was restored upon saturating with 


crude and aging for two weeks at reservoir temperature. 
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Bobek et al (22) proposed the imbibition test as one 
of the means which could indicate preferential rock wettabil- 
ity. Imbibition has been defined by Graham and Richard (23) 
as the Sein eae taking up of a liquid by a porous solid. 
Spontaneous imbibition occurs when a fluid-filled solid is 
immersed or brought in contact with another fluid which 
preferentially wets the solid. The rate of imbibition is a 
function of the permeability of the porous medium, oil water 
interfacial tension and contact angle. In waterflooding, 
the capillary imbibition process dominates at very low rates 
while at very high flow rates pressure gradients tend to 
control the displacement process. 

A lot of research has been done on the effect of 
interfacial tension on oil recovery. The effect of inter- 
facial tension varies depending upon the wettability of the 
formation rock. Some investigators (24, 25, 26) have found 
that oil recovery by waterflooding was increased if the 
interfacial tension was increased in water-wet systems and 
decreased in oil-wet systems. Others (27, 28) attributed 
increased recovery in water-wet reservoirs to decreased 
interfacial tension due to the surfactants added to the 
water. Kennedy et al (29) reported that lowering the inter- 
facial tension had a tendency toward reducing the recovery 
of oil and that the reduction of the surface tension of the 


brine had little or no effect. On the other hand, Mungan 
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(30) and Wagner et al (31) observed that the displacement 
efficiency in both water-wet and oil-wet systems could be 
markedly improved by a sufficient reduction in the interfa- 
cial tension nercee the fluid phases. 

The effect of water-oil viscosity ratio on water- 
flooding was well described by Calhoun (32). When a viscous 
fluid is displaced from a capillary by a less viscous fluid, 
there is a tendency for the displacing fluid to take the 
path of least resistance at the center portion of the capil- 
lary. If the situation is reversed, a piston-like displace- 
ment occurs since the displacing fluid is less mobile than 
the displaced. It is the purpose of mobility control to 
achieve a piston-like displacement. 

Jennings et al (33) and Cooke et al (34) have indi- 
cated that a favorable water oil viscosity ratio can be 
achieved by emulsification of crude oil in situ. They attri- 
buted the increased volumetric sweep efficiency in caustic 
Eloods. “to the role o£ the Ae oil external phase emul- 
sion, formed in situ. Strassner (35) found that emulsions 
were stabilized primarily by film-forming asphaltenes and 
resins containing organic acids and bases. He also found 
that the stability of emulsion depends upon the pH of the’ 


water phase and the crude oil viscosity. 
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Chemicals Used for Improving Flood Efficiency 


Various chemicals have been used to increase oil 
recovery by controlling factors mentioned earlier. Michaels 
et al (36) found that waterfloods with small amounts of 
surfactants, which cause strong wettability reversal from 
water wet to oil wet, may recover as much as 65% of the 
normal residual oil. The use of sodium hydroxide has been 
reported extensively in the literature (37, 38, 39, 40, 41, 
42, 43). Ehrlich et al (44) examined the applicability of 
alkaline waterflooding in light oil reservoirs where wetta- 
bility reversal is the dominant enhanced recovery mechanism. 
If interfacial tension between alkaline solution and crude 
oil is less than the critical value determined by reservoir 
properties, a sodium hydroxide flood would recover oil by 
an interfacial tension lowering mechanism in addition to or 
in lieu of recovery by the wettability reversal mechanism. 
Jennings et al (45) suggested an alternative to the wetta- 
bility reversal mechanism by which caustic injection can 
significantly improve the recovery of certain crude oils. 
The reduction of interfacial tension causes emulsification 
of crude oil in situ which tends to lower injected water 
mobility, damp the tendency toward viscous fingering, and 
improve volumetric sweep efficiency. Cooke et al (46) pre- 
sented a different recovery mechanism. They reported that 


soap forming reaction of alkaline water and naturally occur- 
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ring organic acids results in low interfacial tension and 

the wettability reversal of the porous medium to preferent- 
ially oil wet under the proper conditions of salinity, pH 
and temperature. As a result, in situ emulsification takes 
place to form a water-in-oil type of emulsion which increases 
pressure gradients across a4 narrow region in the vicinity 
of the emulsion front. These increased pressure gradients 
are sufficient to overcome the reduced capillary forces and 
displace the oil from pore spaces. 

Beckstrom et al (47) tested a number of chemicals in 
preliminary qualitative experiments and found that dilute 
solutions of salts of a strong base and a weak acid were the 
most effective in displacing oil from oil sand. Of all the 
solutions used, those of sodium carbonate, sodium bicarbon- 
ate, potassium carbonate, lithium carbonate, ammonium oxal- 
ate, sodium nitrite, sodium cyanide, sodium sulphite, sodium 
bisulphite, and sodium xanthate were the most successful. 
The relative effect of these varied, however, depending upon 
the crude oil employed. Everything considered, sodium car- 
bonate was conceded to be the most satisfactory compound of 
all for waterflooding. 

The use of detergents as additives for waterflooding 
has been examined vigorously by the researchers at the U.S. 
Bureau of wig and in the U.S.S.R.. By using a centrifugal 
test technique, Dunning, Hsiao, Johnson and Beaty (48, 49, 


50) investigated a number of detergents to determine their 
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ability to improve oil recovery. They concluded that nonion- 
ic detergents in pure form or in built formulations appear 

to be the most promising waterflooding additives. "Nonionic 
detergents having an optimum balance of polyoxyethlene chain 
length (water-soluble) and alkyl phenol (oil-soluble) will 
displace virtually all of the oil". Generally the high cost 
of surfactants and their losses by adsorption at solid-liq- 
uid interfaces have discouraged their use (51, 52). 

A new oil recovery method using micellar solutions 
was proposed by several authors (53, 54). These micellar 
solutions are surfactant-stabilized dispersions of oil and 
water, and may also contain small quantities of other addi- 
tives. Micellar solutions, even in small slug sizes, are 
very efficient in recovering oil. The advantage of this 
meri? is two fold. One is that mobility control can be 
achieved by adjusting slug viscosity and the other is that 


surfactant loss by adsorption is minimized. 
Surface Active Constituents in Crude Oil 


Many investigations have been done on the naturally 
occurring surface active constituents in crude oils. 
Knowledge of these constituents in a crude oil is a requi- 
site to understanding interfacial phenomena such as wetting, 
interfacial edn Shick reduction and in situ emulsification, 


which may affect or govern the success of waterflooding. 
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Benner and Bartell (55) were probably the first to 
draw attention to the effect of polar impurities in crude 
oil on the wettability of rock. They mentioned that the 
normally hydrophilic rock material may be greatly altered 
in nature, or even caused to become hydrophobic, through 
adsorption of basic or acidic polar impurities from crude 
oil. Bartell and Niederhauser (56), through their study on 
Rio Bravo (California) “crude, found that ‘a’ solid film formed 
at crude oil-water interfaces. The film-forming material 
was highly surface active and closely related to resins and 
asphaltenes in crude oil. 

Reisberg and Dosher (57) also observed rigid films 
at the interface between crude oil (Ventura, California) 
and water. The formation of these interfacial films result- 
ed in the adhesion of crude oil to a water-wetted surface, 
whereas it did not adhere as readily to a dry sand surface. 
In order to eliminate the possibility that these observations 
were influenced by atmospheric contamination, anaerobic 
conditions were maintained during crude sampling and labo- 
ratory measurements and no decrease in rigid film forming 
characteristics was noted. It was observed that, at a pH 
in excess of 8, rigid film formation became negligible. 

The authors separated these interfacially active materials 
which appeared eo be related to the resins and asphaltenes. 
Infrared absorption analysis also indicated that these were 


very rich in ester and carboxylic groups. 
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Carboxylic acids have been recognized for many years 
as constituents of certain crude oils. Sachanen (58) indi- 
cated that oxygen compounds naturally occurring in crude oil 
are ne ediand classified the oxygen compounds present in 
petroleum oil as fatty acids, naphthenic acids, phenols, 
and resinous and asphaltic compounds. The naphthenic acids 
differ from fatty acids in their cyclic structure. But 
both of them are carboxylic acids. Seifert and Howells (59) 
succeeded in the isolation and identification of carboxylic 
acids from Midway Sunset (California) crude oil. They found 
that this oil contained 2.5 weight percent carboxylic acids 
which, in the presence of aqueous alkali, were interfacially 
active. Seifert (60), in his subsequent paper, concluded 
that phenols have a diminishing effect on the interfacial 
activity of the carboxylic acids. 

The presence of porphyrin complexes in crude oil has 
been confirmed by many investigators (61, 62, 63, 64). 
Porphyrins are carboxylated or decarboxylated heterocyclic 
compounds. Dunning (65) has found that porphyrins and metal 
porphyrin complexes often exhibit strong interfacial activi- 
ty and, £1 1m ‘forming ;characteristics. Dunning et <al..(¢6) 
isolated porphyrin constituents in a free form by a hydro- 
bromic-acetic digestion. They found that the interfacial 
activities and film forming tendencies of several petroleum 


extracts generally parallel the porphyrin contents of these 
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extracts. They concluded that the metal-porphyrin complexes 
in petroleum are major contributors to interfacial activity 
and film forming tendency. 

Naphthenic acids are the most abundant carboxylic 
acids in crude oils. The extensive research on naphthenic 
acids has been well described in detail by Lochte and 
Littman (67, 68): Dodd (69) attributed film forming char- 
acteristics of crude oil to naphthenic acids. These acids, 
in combination with connate waters, form soaps which hydro- 
lize to varying degrees depending on the salt content and 
pH of the water. "Hydrolysis of naphthenic acids soaps 
would form a complex including free acids, soaps and acid 
anion, and such a complex probably forms the backbone of the 
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THEORY 


Gibb's Adsorption Equation 


The general expression for a reversible change in 
free energy of a multicomponent, two phase system is given 


by the following relationship 
Gee =— Sais Var: i+ Zu,dn; novGaa, 1 


The change in surface free energy will be given by 


aF® = - s°aT + Zu,dn; + ydA 2 


Since the surface contribution to the volume is negligible, 
the quantity VdP was omitted. If the two phase system is 
enlarged at constant P, T, and Uys equation 2 may be inte- 


grated to yield the expression 


Ss — 


et + yA 3 


Total differentiation of equation 3 gives 
so Ss Ss 
dF™ = Zu; dn; te En; du; + ydA + Ady 
By comparing this result with equation 2, we find that 


Ss Ss = 
Saat, mn; du; + Aay,,= 0 


If we divide each term by the surface area, A, the familiar 


* Symbols are listed and identified in the Nomenclature. 
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Gibb's adsorption equation 


—— a =) cael 
dy = SS" daT tT. du, 


iS) 
n. 


is obtained where r. = = is an adsorption density. 


Since we are mainly interested in constant temperature proc- 


esses, the Gibb's equation can be simplified as follows 
dy = - rT; du, (T = const.) 4 


The adsorption density of the i-th component relative to 
that of component 1 is defined by the relation 
Tr, = -j-r 5 
Ou T, all u's except i and Uy 
For any component, 
0 


pete ue. + RT£na; 


Then equation 5 becomes 


rope. LA owe 

RT dkna, 

The adsorption density, Tr. will be positive if the concen- 
tration coefficient of surface tension (dy/okna, ) is nega- 
tive. It will be negative if the surface tension is increased 
by addition.of component, i. The adsorption density is 


determined by the slope of the surface tension versus log 
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activity curve if the surface tension can be determined by 


experiment. 


Properties of Carboxylic Acids 


Among petroleum acids, carboxylic acids are generally 
believed to be the major contributors to interfacial 


ACCUiVERty? (705° 715 7 25°73). 
A. Structure 


The typical structural formula of various carboxylic 


acids may be expressed as follows: 


' CH, CH- (CH. ) COOH 
Ri | Genny | 
H.C 
Fatty Acid 
CH, CH, 


Naphthenic Acid 


Mesoporphyrin IX 
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Fatty acids are the typical carboxylic acids with 
aliphatic alkyl groups. Naphthenic acids consist of cyclo- 
pentane derivatives in which the carboxyl group links mostly 
to a paraffinic side chain. Porphyrins have a heterocyclic 
structure with two carboxyl groups attached. 

Carboxylic acids are composed of two segregated 
portions: One is a polar carboxyl group, COOH, which has 
sufficient affinity for the aqueous phase, and the other is 
a nonpolar alkyl group, R, which is rejected by the aqueous 
phase, due to its lack of affinity for water molecules. 
Because of this hydrophilic property of carboxyl groups and 
hydrophobic property of nonpolar alkyl groups, carboxylic 
acids concentrate at water-oil interfaces in such a manner 
that the alkyl group lies in the oil phase with the polar 
carboxyl group exposed to the water phase. Consequently, 
the concentration of carboxylic acids at the water-oil inter- 
face results in the reduction of the interfacial tension. 

Carboxylic acids, like inorganic acids, are neutral- 
ized by bases such as sodium hydroxide or potassium hydrox- 


ide with the formation of soaps. 


ey 
RCOOH + NaOH ——— RCOONa + HO 


Sodium carboxylates dissolve in aqueous solutions in the 
forms of ions, RCOO and Nat. 
Since the hydration energy of RCOO is stronger 


than that of RCOOH, carboxylate anions would exhibit higher 
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interfacial activity than their carboxylic acids. Therefore, 
interfacial tension reduction between oil and water depends 


upon dissociation of carboxylic acids in an aqueous solution. 
B. Dissociation 


The solubility of alkali salts of carboxylic acids 


depends very much on the hydrolysis of the carboxylate ion: 


RCOO + HO == RCOOH + OH 


Hence, the concentration of carboxylate anion is equal to: 
_, [Recor [ox] 
frcoo"] = Lak 


- 14) 
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rr 


a [Rcoo7] a Pay Ee IES 


This equation shows that the concentration of 
carboxylate ions in a solution depends upon the pH of the 
solution. The concentration of carboxylate anions increases 


as the pH of the solution is increased. 
c. Micelle Formation 


About 650 calories of energy is evolved when one 


mole of CH, group is removed from water (75). Therefore, 


2 
micelles form as the result of the gain in energy occasioned 


by removing hydrocarbon chains from the surrounding water 


and bringing them in contact with each other in micelles. 
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Free energy considerations require an arrangement of the 
agglomerate in aqueous solution in a manner that will expose 
the polar heads of the surface active ions and molecules to 
water, with minimum contact between the paraffin chains and 
water molecules. 

The size and shape of the micelle is determined by 
the equilibrium between the attractive forces among hydro- 
carbon chains and the repulsive forces among the polar heads 
of the surfactant (76). 

The concentration of surfactant at which the concen- 
tration of micelles suddenly becomes appreciable is refered 
to as the critical concentration for micelle formation or 
cmc. At concentrations greater than the cmc value, the 
interfacial tension between water and oil does not decrease 
further with an increase in surfactant concentration. 
However, surfactant solution, above the cmc, is capable of 
dissolving considerable quantities of various oil components 


that are quite insoluble in pure water. 
D. “Solubilization 


Many organic substances that are not very soluble in 
water dissolve to a considerably greater extent in micellar 
solutions of surface active material. The increased solu- 
bility of the compound, due to the presence of micelles, is 
termed solubilization (77). Solubilization is attributed 


to molecular association of the material being solubilized 
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with the hydrophobic portion of the surfactant. By this 
solubilizing action which incorporates non polar hydro- 
carbons in the hydrocarbon interior of the micelles, the 
micellar solution can displace oils miscibly in porous 
media. The solubilization limit for a liquid can be de- 
tected by the increase in turbidity upon further addition 


of the solubilizate. 
E. Emulsification 


In situ emulsification often encountered in water- 
flooding is mainly due to mechanical dispersion of one phase 
in the other and in part due to spontaneous emulsification 
in the presence of surfactants. 

Mechanical dispersion based on the mechanism eluci- 
dated by Joseph Pihateeu is well described by Bikerman (78). 
Consider the water entering into a porous medium. The water 
drop is extended to form a cylinder or spheroid by being 
squeezed into a capillary tube. This becomes unstable as 
soon as its length exceeds its circumference, and’ two spher- 
ical drops form. This process takes place because, above 
a definite ratio of length to radius, at least some inden- 
tations on the cylinder surface are developed due to the 
irregular surface of the capillary tube and the opening 
smaller than the drop. Consequently, capillary pressure 
near the bottom of the indentation is greater than that far 


from it. This capillary pressure difference drives the 
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liquid away from the indentation, which grows deeper and 
deeper until the cylinder is snapped in two. Rupture occurs 
spontaneously when the surface area of the system steadily 
decreases in going from a slight indentation to complete 
separation into two drops because the interfacial energy of 
the separate spherical droplets is less than that of the 
initial elongated body. 

If oil and water containing surfactants are brought 
quietly into contact, spontaneous emulsification may occur 
on one or both sides of the interface (79). The total 
interfacial tension of a water oil system with emulsifiers 


can be defined by 


ea eure 


where es is the oil-water interfacial tension in the absence 
of the emulsifying agent and 7 is the spreading pressure of 
the added emulsifiers at the oil-water interface. 

In order to form micro emulsions it is necessary that 
the concentration of emulsifiers be greater than that 
required to reduce the oil-water interfacial tension to 


zero (80). This indicates that the interfacial tension Yi 


must have a negative value and that the area of the inter- 
face tends to increase spontaneously. This would cause 


droplets to break up spontaneously, stabilize the dispersed 


phase, and prevent phase separation. 


| bus xoqaeb: aWwoxD, 
| BEDOO, benckgeaiall owe en 


oft Io agit: ass eaot ef stotaoxb 


> 


tdguctd 271.5, ednedontaya atitladnde setey 
BODO yt doitne ites lume ‘suoomesmoge cis) 


Ladod ant tee) sontaeuak pad ae 


onaaede otit nb nos teas ontoniebat x 238 

i eiuaesia oatbnorge fp, ait. bas jnepe ‘RE 

vis +; 902 gedit Yetnw-Lio ony 4s axe OS: Tae Na 
hee yuszesoen ‘ai zs anos Diino orto kn ango2 to aks | wae ; 
8 Sait asd ‘seyseub ed aroitbenaha. to" nance 4 

i Cea foketred isioshaesnt xadsW-Lto ent ‘boube ot eoxiupen 
7 “prsotaaos Aoi ‘eu Sard padiso bret edt aida ous 


2a, are: atts te sexs. add eds Bas suisv sivttboee | era ‘ei a 
Pe eeus> pore air lavoonstadan ‘saassghk ee eset ie 
ot asada add re a Ybesbonttnoge qu. eon a8 atebqowb i i 
at eee es bag texsase: ses _* <n A | 
| ; rene ae i ath NA 


2L 


The role of an emulsifying agent is not only to 
sustain the emulsion formed by mechanical dispersion but 
also to give rise to spontaneous emulsification. 

Einstein proposed an equation relating the viscosity 
of a suspension with that of the suspending liquid and the 


volume fraction of dispersed rigid spheres (81): 


Daz wu, (1 +02). 56) 
where u is the viscosity of the emulsion, We is the visco- 
sity of the external phase, and ¢ is the volume fraction of 
internal phase. This is a limiting law, whose validity 
increases as $ approaches zero. Simon et al (82) used a 
Similar but more general equation originally proposed by 


Richardson: 


The viscosity of an emulsion is primarily a function 
of oil-water ratio and temperature, but is essentially 
independent of the viscosity of the internal phase. In 
general, it can be said that the viscosity of an emulsion 
is increased if the volume fraction of the internal phase 
is increased, if the globule size is reduced, or if the 


globule size distribution is made more uniform. 


Capillary Force 


The general relationship between pressure drop across 
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a curved boundary and interfacial tension is given by the 


following equation. 


Craig (83) defines capillary pressure in porous media 
simply as the pressure difference existing across the inter- 
face separating two immiscible fluids, one of which wets 
the surfaces of the rock in preference to the other. For 
simplicity, the analogy with a bundle of capillaries has 
often been used in the study of capillary phenomena in a 
porous medium as the reservoir fluids exist in spaces which 
are capillary in size. The capillary pressure in a narrow 
circular tube filled with oil and water is expressed by the 


equation 
21 ow cosé 


ra 
This theoretical equation states that the capillary 
pressure can have either a positive or a negative value, 
depending upon the wettability preference. If the contact 
angle is less than 90 degrees, the system is preferentially 
water wet and will have positive capillary pressure, and if 
the contact angle is higher than 90 degrees, the system is 
preferentially oil wet with negative capillary pressure. 
It also states that the capillary pressure is a di- 
rect function of interfacial tension. Therefore, capillary 


forces can be reduced by decreasing water oil interfacial 
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tension. 
Waterflooding 


The fractional flow equation describing horizontal 


linear flow of oil and water in porous media is: 


K KL. dP 
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The derivation of this equation is a straight forward 
process applying Darcy's equation for two phase flow in 
horizontal linear porous media. The variables affecting 
fractional flow of water are capillary pressure gradient 
along the direction of flow, relative permeabilities of oil 
and water, fluid velocity, and viscosities of oil and water. 

The effect of capillary pressure on fractional water 
flow depends: upon the wettability and fluid saturation states 
in porous media. Positive capillary pressure in a water wet 
system gives rise to a suction of water into the pore spaces. 
Thus the high capillary pressure is generally desirable to 
displace oil from a porous medium. However, movement of non- 
wetting phase, oil, in an insular saturation state is resist- 
ed by ecengbietsn iscsoetaey This is called the Jamin effect 
(84) which can be a factor in the residual oil saturation 


in a water wet system. The capillary pressure, in this case 
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is required to be low to minimize the Jamine effect and 
displace the residual oil from a water wet system. Negative 
Capillary pressure in an oil wet system apparently resists 
water enchroachment into the system. Therefore, the capil- 
lary pressure should be low to increase the oil recovery 
from an oil wet reservoir. 

For high flow rate and high oil viscosity, the effect 
of capillary pressure on fractional flow is minimized. 
Therefore, the fractional flow behaviour depends upon oil 
water mobility ratio which is a function of the relative 
permeabilities and the viscosities of water and oil. 

Relative permeabilities are the composite function 
of pore geometry, wettability, fluid distribution, and 
saturation history (85). Wettability is a highly important 
factor affecting water-oil relative permeability character- 
istics. As the preferential wettability of a porous medium 
changes from oil wet to water wet, the oil relative permea- 
bility increases and that of water decreases. 

For a given set of water-oil relative permeabilities, 
fractional flow depends upon the magnitude of oil and water 
viscosities. Regardless of the system's wettability, a 
higher oil viscosity results in less efficient displacement 
(86). That is, there is a lower recovery at any water-oil 
ratio and an increased injected water volume is required to 
achieve that recovery. 


A review of the theoretical aspects of water flood- 
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ing suggests that the control of properties such as wettabi- 
lity, capillary pressure, and water and oil viscosities by 
chemicals can increase waterflood efficiency and ultimate 


oil recovery. from a porous medium. 
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MODEL SCALING 


Since the flooding behaviour under field conditions 
is usually stabilized, laboratory displacement tests must be 
properly designed or "Scaled" to eliminate the effects of 
- viscous fingering and capillary end effects (87, 88, 89, 90). 

On the basis of the theory developed by Rapoport and 
Leas (91) it is recognized that the flooding behaviour is 
dependent upon the length of the system, rate of injection 
and fluid viscosity. It is also found that end effects 


could be eliminated if the scaling coefficient LV , was 


tw 
greater than a critical value of l. 

In the present study two injection rates, 30 and 40 
cc/hour, were used. The scaling coefficients for these 
rates were 1.97 and 2.62 cm? -cp /min respectively. These 
rates were considered Site enently high to eliminate capil- 
lary end effects. 

Kyte et al (92) found that a water flood is stabili- 
zed if the capillary pressure gradient in the direction of 
flow is small compared to the imposed pressure gradient. 
Maximum total pressure drop across the core necessary to 
achieve stabilization was found to be of the order of 50 psi 
regardless of the core length. The initial pressure applied 
in the present study was about 97 psi. 


The effect of viscous fingering will be appreciable 


when the mean distance between fingers is less than the 


26 


sinoke kbreo0 biart tebe. suoiysiied pabba 
ad tenn etaot snemepates Ls uaosrmodat. boss 
io atoatts ert otsninile 4 "patene” +O é:) 


(ve ,28 98 8) i ie baa grat Liase pas ide 


etostie bas) sect ‘Bavo® oals al cea yh 
esi. ty tnaksttisos piritaoe. bat tb bopnatmbte oa 6 
; “vf 26 ouley igot3 tx. < cant 4 

Qe Sas | Bats che Sis ybode: haat ‘oft #. 
easdy x02 editein itso pene oir bogey onew . 
oxedt ~ yLaviosaE oR ném\qo-~ mo Sa. s “ns Tele, mo on & om 
tiga atenimkla, ‘oF ie udasisitiue Deieptendg. éuew a 4 
“he pe . -Btostio bra. iat " ' 
“abe dt at bookt. xetew s eels bagee (sey ts. +3: ays 5 an 
to nottoortby srs’ at: Jaghbsxe ira ae waslLiqeo est tt fos q 


ve sitedostp siondene fede ails ot. bersqgiOo- i fis at woLX 


oe 


‘ot yisigenent Bx9D ont BeOS 6046 oueeorg faves mua) 

“dee oe BO, tebsp ‘eels! to ‘ad Toe Srila? ‘aE noisesittda2A ovation 

. ‘ pettean eatbesnxn fe tzha sar ..tpnet 2102 oz ‘to eeettixages i 

a a f '. tkeq “Fe tieds. esw ybutte nbeeng aad 
s > etdaivezqae ed TLtw entopn it auooaty to igetie. oir” 4 J a 
ae pied aerts aeal et i ig neswisd sonsteih mB es att aw“ | 


24 


cross-sectional dimension of the core. To scale for viscous 
fingering effects, the scaling coefficient developed by 
Chuoke et al (93) was utilized. This coefficient may be 


written as 


Yor 
h 


Chuoke et al found that if the scaling coefficient, 
bot, is much less than 1.0, there exist a large number of 
fingers in the model and consequently production behaviour 
is insensitive to viscous fingering. If the scaling coef- 
ficient is much greater than 1.0, no fingers will occur and 
the system has essentially a stable behaviour leading to 
high recovery. If the scaling coefficient is of the order 
of 1.0, production behaviour is unstable and can be seri- 
ously affected by variations in the value of mean finger 
distance. 

For the core used in the present work and rates 
selected, the maximum viscous scaling coefficient was 0.043. 
Therefore, viscous fingering may occur in the core but 
production behaviour would be relatively stable and insen- 


sitives to the viscous fingering effect. 
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EXPERIMENTAL EQUIPMENT AND PROCEDURES 
Materials 


Two sand samples were used during this study and are 
identified in Table A - 1 in Appendix A. Sand 1 was uncon- 
solidated Sparky sand buen the Lloydminster area. Sand l 
was cleaned using a technique similar to that described by 
Collins (94). The sand was washed with hot tap water and 
flushed with Varsol until no further traces of oil staining 
were evident. After Varsol had evaporated, the sand was 
dried in a drying oven at 210° F for 10 hours. The particle 
size distribution of Sand 1 is shown in Figure 1. Sand 2 
is a 80 - 120 mesh clean Ottawa sand. 

Lloydminster crude oil, treated only for the removal 
of water, was 16.7° API and the basic sediment and water 
content was 0.1% by volume. The viscosity of this crude oil 
was 2800 cp at 72° F. The viscosity of crude oil was meas- 
ured with a Weissenberg Rheogoniometer. The crude oil 
density was determined by use of a pyconometer. 

For bench tests and imbibition tests, a Varsol-crude 
mixture was prepared by mixing 6 parts by volume of Varsol 
with 1 part by volume of crude oil. 

An artificial brine was prepared by dissolving 84.84 
grams of sodium chloride in distilled water to make a liter 
of solution. This concentration matched the chloride ion 


content of a Lloydminster field water sample described by 
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Samples A - G were waste effluents from various 
chemical plants and their properties are summarized in Table 
A - 3 in Appendix A. The chemicals used in the preparation 
of various solutions were regeant grade and are identified 


in Table A - 4. 
Infrared Absorption Tests 


Infrared absorption tests were conducted to examine 
naturally occuring petroleum acids in crude oil and surfac- 
tant dissolved in various samples. 

10 ml of crude oil was mixed with 20 ml of 1% NaOH 
solution in a 50 ml centrifuge tube with a screw cap. The 
mixture was shaken vigorously with a mechanical device for 
about an hour and allowed to stand for a day to separate the 
water from the oil phase. The water phase was withdrawn 
using a syringe and acidified with HCl to convert the ion- 
ized petroleum acids into molecular form. Petroleum acids 
in their molecular form are dissolved readily in the CCl, 
phase. Spectrograde ccl, was added to this solution. This 
CC1,-solution mixture was shaken for about an hour. During 


this time, most of petroleum acids were transfered into the 


Ccl,. 


An infrared spectrum of this ccl, extract was taken 
using a Perkin Elmer 221G double beam spectrophotometer. 


An NaCl cell with a path length of 0.5 cm was used. 
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A reference cell having the same dimension was filled with 
ccl, to eliminate errors resulting from possible impurities 
in the ccl,.- The use of the reference cell also improved 
the Fesolucion of the overall infrared spectrum. 


Seven samples from chemical plants were prepared for 


infrared analysis in a similar manner. 
Bench Tests 


A simple bench test technique was used to determine 
ai ivericsl) the wettabilities of the sands. A procedure 
similar to that proposed by Bobek et al (96) was utilized. 

To test for wettability, a thin layer of dry sand 
was spread on a glass plate. Droplets of oil or water were 
placed on the surface of the sand. The rate of movement of 
the fluid into sand was observed using a 10 power magnifying 
glass. To test for preferential water wettability, a thin 
layer of dry sand on a glass plate was saturated with oil. 
Droplets of water were then placed on the sand and the rate 
of water movement into the sand was observed. 

If the water moved readily into the sand and dis- 
placed oil from the surface of the sand grains, the sand 
was considered preferentially water wet. 

To test for preferential oil wettability, dry sand, 
in stead of sand initially saturated water, was used. 
Because oil has a tendency to spread on a water surface in 


a monolayer, it was difficult to discern whether oil wetted 
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the sand or simply spread on the water surface when water 


Saturated sand was used. 
Cell Imbibition Tests 


Imbibition tests were conducted with an apparatus 
Similar to that used and described by Bobek et al (97). 
Lucite cylinders fitted with 200 mesh screens at the bottom 
end were packed with unconsolidated sand by tapping the 
bottom of the cell until no further compaction was visually 
discernible. The cylinders were weighed and evacuated in 
a vacuum cell and saturated with a saturating fluid under 
vacuum. The saturated cylinders were weighed. The pore 
volume of unconsolidated sand was calculated by weight 
difference using the density of the saturating fluid. 

The saturated cell was placed in a vertical position 
in the imbibition apparatus and the fluid to be imbibed was 
introduced into the apparatus until the cell was completely 
immersed. The volume of saturating fluid displaced from the 
cylinder was measured. The imbibition tests were terminated 
when the volume of saturating fluid displaced showed little 
or no change over a period of several hours. 

Fresh fluids and clean sands were used during suc- 
cessive imbibition tests. The imbibition apparatus was 
cleaned thoroughly after each test to avoid possible contam- 


ination from previous tests. 
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Interfacial Tension Test and pH Measurements 


A Cenco du Nuoy tensiometer Model 70545 with a plati- 
hum ring was used for making surface and interfacial tension 
Oy The standard method of testing for interfa- 
cial tension of oil against water by the ring method ASTM 
D971 - 50 was employed. 

All tension measurements were carried out at room 
temperature maintained within 3° F difference for each set 
of tests. The temperature range for the complete series of 
tests was 72° F to 80° F. 

The measured surface and interfacial tension readings 
were corrected using the correction factor developed by 


Zuidema and Water (98). This factor may be expressed as 


The correction factors were calculated using a computer. 
The pH measurements of various solution were made 
using a Beckman Model N pH meter with a glass reference 


electrode and a Beckman E - 2 glass electrode. 


Displacement Tests 


The core holders containing the unconsolidated sand 
were stainless steel models designed for high pressure 


flooding with corrosive chemical solutions. The internal 
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dimensions of the core holders were 6.0 inches length and 
0.87 inches diameter. 

The empty core holders including screens and end 
plates were weighed on a sensitive beam balance. Stainless 
steel screens of 200 mesh were placed between the sand and 
the end plate to prevent shifting of the sand and plugging 
of the outlet lines. The core holder was placed in a ver- 
tical position and an electric vibrator was attached to the 
core holder. Unconsolidated sand was poured slowly into the 
core holder while the vibrator was on. The procedure was 
continued until the core holder was full and no further 
compaction of the sand was evident. The upstream end of the 
core holder was fitted with a 200 mesh screen and then 
screwed on the core holder tube. 

The packed core holder was weighed and mounted in 
the saturating apparatus shown in Figure 2. The core was 
evacuated and saturated with artificial brine. The brine 
permeability of the core was calculated during this process 
by measuring flow rate, and pressure drop across the core 
and applying a Darcy linear flow equation. The saturated 
core was then reweighed and the volume of the brine in the 
core was calculated from the weight difference between the 
dry sand and the saturated sand by using brine density. 

The pore volume of the core was determined since it is 
equivalent to the volume of brine in the core. Knowing the 


bulk. volume of the core holder, 58.4 cc, and the pore volume 
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of the core, the porosity of the core was calculated. 

After the core properties had been measured, the 
core was connected to an oil and water flooding apparatus 
and immerseduan a constant temperature water bath thermo- 
statically controlled to within 1° F. Calibrated Heise 
gauges were connected to the upstream end of each core hold- 
er to measure the upstream flowing pressures. Short down 
stream outlets on each core minimized outlet volume correc- 
tions and eliminated the need for down stream pressure taps. 
The core was then saturated with crude oil using a Ruska 
pump. About 1.5 pore volumes of oil were injected into the 
core to ensure that an irreducible water saturation was 
attained. The volume of brine produced during the oil 
flood was measured and the initial water saturation was cal- 
culated. The initial oil in place was determined since it 
is equivalent to the volume of brine produced. 

The oil saturated core was flooded with brine or 
chemical solutions at a constant injection rate of 30 or 40 
cc per hour. The produced oil were recovered in 15 ml grad- 
uated centrifuge tubes and were centrifuged to separate the 
water and oil phases. Most of the oil was produced as an 
emulsion after water breakthrough. 

A demulsifier, Visco 507, was used to break the emul- 
sion produced. To facilitate the demulsification process, 
small amounts of Varsol were added to the emulsion prior to 


introducing the Visco 507. Two or three drops of Visco 507 
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was then sufficient to break the emulsion. 

The volumes of oil and water were measured by a 
material balance on the effluent fluids. Accurate measure- 
ment of effluent is very important as the accumulation of 
small errors from misreading the scales may become signif- 
icant. The effluent volumes were measured to within 0.05 
cc. The cumulative error was found to be insignificant at 
this level of accuracy. 

The pressure performance of waterflooding was record- 
ed together with oil recovery. All displacement tests were 
conducted at 80° F. The core holders were repacked with 
clean sand after each test to eliminate the possibility of 


sand wettability being altered by previous tests. 
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RESULTS AND DISCUSSION 


Infrared Absorption Analysis 


hes pur pose of infrared analysis in this study was 
to qualitatively determine the presence of petroleum acids 
which, in contact with alkaline solution, exhibit high 
interfacial activity. Among these are the carboxylic acids, 
phenols and mercaptans. These petroleum acids have been 
reported in the literature to show interfacial activity. 

Figure 3 shows infrared absorption spectra of the 
Lloydminster crude oil for the frequency range 3800 - 1500 
emiy i. A sharp absorption peak at the frequency, 1710 em™* 
is the typical spectrum of carboxylic acid, which is attri- 
butable to the C=O stretching vibration of the carbonyl 
group. The carbonyl frequencies of carboxylic acids appear 
in much the same spectral region as aldehydes and ketones 


- in the present 


(99). However, the carbonyl peak at 1700 cm 
study of the crude oil is regarded as that of carboxylic 
acids since no other oxygen compounds, such as alcohols, 
ketones, aldehydes etc., have been detected in crude oils 
or in cracked products (100). 

The low intensity but sharp absorption peak in the 


frequency range 1740 - 1750 cma may be attributable to the 


C=O stretching vibration of carboxylic acids or esters. 
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Absorption bands at 3700 and 3600 em > are regarded 
as the spectra of the OH stretching vibration which may be 
related to water and phenols respectively. 

The spectra of the C-H stretching vibration in a 
hydrocarbon are shown over the range 3000 -2800 em7?, Two 
absorption bands at 2920 and 2850 em > are related to the 
C-H stretching vibration for methylene groups (-CH,-). The 
absorption bands at 2950 and 2870 cm7> represent the anti- 
symmetry and symmetry C-H stretching vibration bands of the 


terminal methyl groups (-CH in a hydrocarbon chain. 


“) 
Therefore, the presence of hydrocarbons, regardless of their 
functional groups, can be directly detected with these C-H 
stretching bands. 

Seifert et al (101) reported the presence of carbox- 
ylilctacids at »L7.10 em? and phenols at 3610 om + in the 
infrared analysis of a California crude oil. These absorp- 
tion bands for carboxylic acids and phenols are well matched 
with those of the present work. The infrared spectra of 
oleic acid which is one of the typical carboxylic acids show 
the characteristic absorption band of carboxylic acids at 
the frequency 1710 em (see Fig. 4). Two relatively weak 
absorption bands at 3000 and 3525 em * may be attributed to 
the OH stretching vibration of carboxylic acids. 


The infrared test indicates that the Lloydminster 


crude oil contains carboxylic acids. 
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Infrared analyses of various sample solutions were 
done to determine whether the sample solutions contain 
organic surface active materials. 

Infrared absorption spectra of Sample G are shown in 
Figure 5. Sample G shows the typical C=O stretching band 
of carboxylic acids at 1700 and 1740 cm +, and the OH 
stretching bands of carboxylic acids at 3000 and 3525 ani. 
A high intensity absorption band at 2330 om gSsnot sully 
identified but seems to be related to the -SH stretching 
vibration of mercaptans (RSH). Absorption spectra of Sample 
G are most well matched with those of the crude oil and pure 
oleic acid. 

Sample E showed high intensity C=O and OH stretching 
bands of carboxylic acids at 1740 and 3530 om? respectively 
The infrared spectra of Sample E without acidification 

was taken to determine whether the high intensity peak at 
1740 om + is due to carboxylic acids or ketones. The lower 
members of the ketone series are freely soluble in water due 
to coassociation with water. Based on the fact that ccl, 


readily dissolves ketones but not carboxylate anions, a 


CC1,-Sample E mixture was prepared without acidification 

of Sample E. An infrared test was performed on this ccl, 
extract. The result showed no C=O stretching vibration 

in the 1700 - 1800 em7+ region. Therefore, the C=O stretch- 


ing band near 1740 ém=* in Sample E may be attributed to 
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carboxylic acids. 

Sample A and D showed no detectable absorption 
peaks except the unknown peak at. 2310 em™>, The CH bands 
over the range 3000 - 2800 om7+ were also missing. There- 
fore, the hydrocarbon contents of Sample A and D are neg- 
ligible. 


Sample C showed a high intensity OH peak of phenol 


a A 


at 3600 cm ~~ and =C-H aromatic stretching peak at 3040 cm, 
which is related to the benzene ring of phenols and thio- 
phenols. However, Sample C showed a weak C=O peak at 1700 
om™+, 

Sample F showed very high intensity OH and =C-H 
stretching bands of phenols but a weak C=O band at 1710 


emt, The medium intensity absorption band at 2590 cm 


1 
was considered to be the spectrum of mercaptans and HS. 
Sample F, in contact with HCl, produced a bad odor which 
can be attributed to mercaptans and HS. 

The infrared test results indicated that Sample E, 
and G are rich in carboxylic anions, while Sample B, C and 
F have low carboxylate anion contents. On the other hand, 
Samples A and D contain no carboxylate anions. 


Phenols were detected in all of the sample solutions. 


However, Sample F showed the highest phenol absorption peak. 
Bench Test Results 


The results of bench tests of various fluids with dry 
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sand and fluid saturated sand are summarized Table B - l. 

Varsol and the Varsol-crude mixture were spontaneous- 
ly imbibied by all dry sands. Brine and alkaline solutions 
were not imbibed by dry Sand 1, while the Varsol-crude mix- 
ture was spontaneously imbibed by the dry Sand 1. This 
implies that the Sparky sand tested was preferentially oil 
wet. The spontaneous imbibition of brine by Sand 2 saturat- 
ed with Varsol indicates that Ottawa sand was preferentially 
water wet. 

Brine was not imbibed by Sand 2 which was saturated 
with the Varsol-crude mixture, whereas most of the chemical 
solutions were readily imbibed by the same sand. This may 
indicate that the Lloydminster crude changed the wettability 
of the Ottawa sand from preferentially water wet to neutral 
or slightly oil wet. Since wetting is a rather slow process, 
the wettability of a sand will depend to a great extend on 
the duration of contact between the sand and the saturating 
fluid. For example, it will be recalled that Mungan (102) 
required about two weeks in order to restore the original 
wettability of cores, On the other hand, the time of con- 
tact employed in the present study was only a few minutes in 
the bench test and a few hours in the cell imbibition test. 
It is, therefore, reasonable to assume that the wettability 
reversal might not have been complete. Upon reaction with 
alkaline solutions, this incomplete oil wet character of the 


Ottawa sand was easily distorted and reversed to water wet. 
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Consequently, the chemical solutions were readily imbibed 
by the sand. 

Some chemical in brine solutions were imbibed by 
Sand 1 initially saturated with the Varsol-crude mixture. 
Sodium hydroxide solution and weak basic solutions such as 


Na CO, Na,SiO, were imbibed readily by Sand 1 initially 


2 2 3 

saturated with the Varsol-crude mixture, whereas these 
solutions were not imbibed by dry Sand 1. The imbibition 
mechanism in this case is pelaggea to be gravitational 
segregation of liquids in the pore spaces of sand due to 
decreased capillary pressure. 

Saponification of naturally occurring petroleum acids 
in the Varsol-crude mixture with the alkaline solutions re- 
sults in the reduction of water-oil interfacial tension and 
consequently reduced the capillary pressure in the pore 
spaces. Gravitational pressure difference between oil and 
water overcome this reduced capillary pressure. Therefore, 
water is imbibed by the sand. However, thin films of oil 
were observed on the sand surfaces. This indicates that 
the sand is still oil wet. In the dry sand, no saponifica- 
tion is taking place since the dry sand does not contain 
petroleum acids. Therefore, no imbibition of water into the 
dry sand occurs. 

Cooke et al (103) also observed vertical oil migra- 
tion in oil wet systems with gravity as the driving force, 


and stated that low interfacial tension seems to be impor- 
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tant for this drainage mechanism. 


Some chemicals such as Triton X-100, Na,EDTA, Na-ole- 


4 
ate and Sample G were imbibed by both the dry sand and the 
sand saturated with the Varsol-crude mixture. These chemi- 
cals except Triton X-100 contain carboxylate anions, which 
reduced the interfacial tension and gave rise to gravita- 
tional segregation of liquids. Triton X-100 is a nonionic 
surfactant whose major component is polyoxyethlene alkyl 
phenol. Triton X-100 was spontaneously imbibed by all sands 
regardless of initial saturation condition. The imbibition 
mechanism in this case is different from that described 
above, and is regarded as wettability reversal from oil wet 


to water wet due to either chemical or physical adsorption 


to sand grains. 
Cell Imbibition Test: Results 


A summary of cell imbibition test data is presented 
in Table B - 2 in Appendix B. 

As would be expected from the bench tests, little 
imbibition of brine by Sand 2 saturated with the Varsol- 
crude mixture was observed. No imbibition of brine into 
Sand 1 saturated with the Varsol-crude mixture was consitent 
with the result of bench test, which indicated oil wet char- 
acteristics of the Sparky sand. 

One percent sodium hydroxide in brine solution was 


readily imbibed by the Ottawa sand saturated with the Varsol 
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-crude mixture and produced 56% pore volume of oil from the 
Ottawa sand, while it produced only 12% pore volume of oil 
from Sparky sand. This indicates that, at the same interfa- 
cial tension condition, more oil was produced from the water 
wet Ottawa sand than the oil wet Sparky sand. 


Chemicals such as Na-oleate, Na,EDTA, NaOH and Sample 


4 
G were readily imbibed by Sparky sand saturated with the 
Varsol-crude mixture. The imbibition mechanism involved in 
this case is regarded as gravitational segregation of fluids 
resulted from low capillary pressure. This mechanism is 
Characterized by low oil recovery compared to that by the 
wettability reversal mechanism. One percent Triton X-100 

in brine solution produced 71% pore volume of oil and the 
recovery mechanism involved in this case is believed to be 
wettability reversal of the Sparky sand from oil wet to 
water wet. Vertical movement of the stabilized water-oil 
front was observed while 1% Triton X-100 solution displaced 
the oil from Sparky sand core. 

Samples B, E and G were readily imbibed by Sparky 
sand saturated with Varsol-crude mixture. However, there 
was no indication of wettability change of the sand. 

The study of molecular structure of the sand materi- 
als may be helpful in understanding its wettability char- 
acteristics. The structure of quartz, which is a major 


component of the sand, is comprised of three dimensional 


SiO,” tetrahedra, in which the central Si atom is hydbrid- 
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ized, sp°, and forms o-bonds with four oxygen atoms (104). 
A large number of brocken bonds may appear on the surface 
of quartz upon fracturing of the Si-O bonds. These brocken 
bonds at the surface may react with water to form surface 
Silicic acids (105). If a crude oil has basic components 
such as pyridine and quinoline, these basic components 
probably react with the silicic acid surface of the quartz 
resulting in the adsorption of the crude oil to the sand 
surfaces; thus adsorption renders the sand oil wet. 

The increase in carboxylic acid adsorption ona 
quartz surface in the acidic range of pH, however, is not 
due to its polar attraction with quartz but rather to the 
low solubility of the carboxylic acid in molecular form 
(106). Due to the hydrophobic property, carboxylic acid 
would be squeesed out from water and concentrate at water 
quartz interface even if there is no special attraction 
between quartz and carboxylic acid. Upon reaction with 
a base, the acid previously adsorbed on the quartz surface 
in molecular form would be ionized and dissolved in water. 
This could be one of the reasons why water-wet Ottawa sand, 
in contact with the crude, became slightly oil wet but 
reversed to water wet on reaction with sodium hydroxide. 

The results of the bench and cell imbibition tests 
indicated that the Lloydminster crude oil contains certain 
organic components which have special affinity for sand 


surfaces. Since these components did not react with sodium 
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hydroxide solution, they are considered as non acidic mate- 


rials and may be related to resins and asphaltines. 
Interfacial Tension Results 


The effect of various chemicals on interfacial 
tension was measured for a number of aqueous solutions and 
Oils. The results of the tests are presented in Tables 
Bary3;, to B ly ie Appendix .B. 

The effect of sodium hydroxide concentration on 
interfacial tension is shown in Figure 6. The interfacial 
tension between Varsol and distilled water was not signif- 
icantly affected by NaOH concentrations. Varsol exhibits 
relatively neutral interfacial properties and is believed 
to contain no potential surfactants. Because of this 
neutrality, Varsol was used as hydrocarbon solvent to de- 
crease the viscosity effect of crude oil in the imbibition 
tests. 

The interfacial tension between the Lloydminster 
crude and distilled water was decreased to an immeasureably 
low value, less than 0.4 dynes/cem, at a sodium hydroxide 
concentration of 0.04% by weight. A similar low value of 
interfacial tension between the Lloydminster crude and brine 
was obtained at a sodium hydroxide concentration of 0.004% 
by weight. Since sodium chloride was the only chemical add- 
ed to the brine, the significant difference in sodium hy- 


droxide concentration required to reach the same interfacial 
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tension can be attributed to the effect of sodium chloride. 
Sodium chloride, in combination with sodium hydroxide, ac- 

celerates the interfacial tension reduction. This resulted 
in a reduction of the amounts of sodium hydroxide required 

to achieve a given level of interfacial tension. 

Figure 7 shows the relationship between sodium hy- 
droxide concentration and the pH of solutions. The pH of 
solutions increased readily as the sodium hydroxide concen- 
tration increased. The pH of brine is slightly less than 
that of distilled water at the same sodium hydroxide concen- 
tration. 

Figure 8 shows that the pH has a marked effect on 
interfacial tension. It may be observed that at a low pH 
value, all the systems exhibit relatively constant interfa- 
cial tensions. But as the pH increases beyond some critical 
value, the interfacial tensions fall sharply. The critical 
pH values are 1l, 8.5, and 11.2 for the water-crude, brine- 
crude and brine-oleic acid systems, respectively. It may 
also be observed that the water-Varsol system shows no 
significant change in the interfacial tension throughout 
the range of pH studied. 

Carboxylic acids are believed to be responsible for 
the interfacial tension reduction observed above. Carbox- 
ylic acids react with sodium hydroxide to form soaps, which 
ionize in the water phase depending upon the pH of the so- 
lution. Carboxylate anions so formed concentrate at the 


-water-oil interface. The arrangement of carboxylate anions 


? 


Salhi dies: 26 soatts ous! as booudli 
Ob  ebixotSyit midboe At iw nodteinkdmos: ad ebiinoris “ 
bedicaey ere 4 aston ee, cokenss isiostasdat a ae 

Ber types abiwowbyri- sats koe. to es ABOMs sig 40 no tsouber 1 1 
snokenes rs LoaP eed mi $6 | foveal seide 5 svelte 

= ck metbae 19 ows od gitleno Lantos edt evolia V lomeees ae 

to) Ha one sano isd ‘los ao. Ha edd Bris sotomsineende: 


5 


=1son0D cath os i wal MUO aris ‘as vitbset baaseos 


asdt eae vidiiedte at eikd to Hg eit. 


cu 


no dosite beixsm 6 esi Hg ody Jers eworle, La uP 


hg. wolis ts tends bawrsedo ad wan 42:  nokeass ales rede 


-pinadat. sasten00 ylovideloy sididxs: ameteye eid fis ‘ o 
teoidiis ‘omoe baeeae eoaeszsnt, Hig eri es. tua - ‘sBiolaned isto 
esis ii, ent Vigye ne: fist. eno bass “tetoatiasns erly eutey 


~enind bin tesem ody stor S. ae Bis. 28 ae Sis eoulsyv 


‘yom 31 thevidbegnen semesaye bios pisichenixd bas ebt 
On awoda madeye Loexsve4atsw ens tedz Sevieedo sf oats) 

) a 

_ deodpuons fotanss, isiderisdat aaah ok spmeelo jasoftinpke. | | 


orale; b an 
| a seibuse Hq to spas oct 
403 eldkancues: ad ot. pevetted = abitns: QityxodisD—- «is 


ia ; oe 
¢ . 6 hs =e 


~ugdae 8¥ods bavieado| nodtoubes Aotetet Isiostreaiai ade | 


a 


Mo ksir  agnag 102 ad shixozbyd this hick dtiw josex ebios sae 
ee ads Ig He ons sous pad ame e- ees iq petew ods mi abinek 
es 3s sd6%si39n09 Bemags 28 enoins adel yxodrs) roisud nh ee i 


S elyxodiso to Anemones oT, .Ssostisini Slo-vedsie. : te 


4 : ; : 4 


53 


SNOILNTOS SNOIYVA dO Hd AHL NO NOILVWELNAONOD HOPN JO AONANTANI - L °OIa 
qystem Aq Jue.Taq - UOT{NIOg UT SpIxoIpAyy wUNipog Jo u0tzeryUEeDU05 


OT 0°T I °0 TO *0 T00 °O 


sulLg 
z93eM PeTIsIq 
T9}eM PeTIIsIq 


uOoT{NTOS 


enTeA Hd 


i as: pe : — ; : : ec. Per d: a , ; a7 : | ‘ oe. 2 — . i J 


Adgiovl qdansoist - aoitife ai abizdthyH ctuifice to aoextnsanOO 7 ae 
| ‘PuOTTIMIDE QUCTSAY TO Hg BHT HO YOTTARPMEOMOD HOsM To 4 
a. pene ay | oe 7 


54 


NOISNAL TWIOVWAAALNI GNW Hd NOTLATOS SNOANOW AO dIHSNOILWISUY - 8 °OId 


Hd - uot ynTos 


Ploy 

SPIO -1ae te 
epning 

apning 
josze, 


eulig 

sulig 
Tae 
13ayem 


TIO voTnyos 


T 
ON joquikg 


OT 


ST 


Od 


GZ 


0€ 


Ae 


(urd /souAp) uolsuey, [eloeft9juy 


(gh ea ales 


2) 


ih Dee 
oA 
SWWCIs] Lsvezon 


i 


{ See | | ao 
= Eereeet phe: be 7 nisiO-fopagV oor = 2k hh 
+ Se aoe =y, ; aol ia | a ) 


& 


* : = : 
t A 


he Hg =~ nolsiies 22 = 5 


S r 


Ss 7 i oF i es - veo ak 


ees = en ene ee 


— Us * 


24) 


and their counter ions, Na’, at the water-oil interface 
results in the interfacial tension reduction. On the other 
hand, the absence of carboxylic acids in the water-Varsol 
system is accountable for little change in the interfacial 
tension. 

The brine-oleic acid system showed white turbidity 
at the water-oil interface at a pH of 11.2. At a pH of 
13.2, a rigid film formed at the interface was observed. 
The spontaneous emulsification is believed to be responsible 
for the turbidity. 

The interfacial tensions between crude and various 
chemical solutions are shown in Figure 9. For the sodium 
oleate-crude system, interfacial tension was reduced to 
essentially zero at a concentration of 0.05%. Triton X-100 
did not reduce the water-oil interfacial tension below 0.7 
dynes/cm even at the high concentration of 3.4%. Inter- 
facial tension at a concentration of 1% is 3.5 dynes/cm, 
which is rather high to cause an increase in oil recovery. 
Therefore, the high oil recovery from cell imbibition test 
with 1% Triton X-100 can be attributed to wettability 
reversal mechanism. 

Figure 10 shows the effect of chemical concentrations 
on interfacial tension. Samples B and G appear to be the 
most efficient in reducing interfacial tension. For both 
of them, the interfacial tension becomes essentially zero 


at a concentrations of 0.5%, while Sample E reduced the 
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interfacial tension to a similar value at a concentration 
of 4%. With the exception of Sample G, all other sample 
solutions show a tendency to increase interfacial tension 
at relatively high concentrations. Sample B begins to 
increase the interfacial tension beyond a concentration of 
20%, while the interfacial tension increases beyond a con- 
centration of 10% for Sample E-crude system. The interfa- 
cial tension in Sample F-crude system was not reduced to a 
value less than 1.2 dynes/cm throughout the concentration 
range of the study. 

Figure 11 shows the relationship between Sample pH 
and interfacial tension. Sample B, E and G exhibit essen- 
tially zero interfacial tension at the same pH value of 9.5. 
Samples B and E show the above mentioned tendency of in- 
creasing interfacial tension at the pH value of 11.7 and 
10.2 respectively. No indication of the increase in the 
interfacial tension was, however, observed for Sample G. 
This exhibits a rather wide range of concentration over 
which interfacial tension is essentially zero. 

Figure 12 shows the relationship between the inter- 
facial tension and Sample G concentration in various aqueous 
solutions. The interfacial tension between Varsol and 
Sample G in distilled water is decreased readily as the 
Sample G concentration increases. This implies that surface 
active materials in Sample G are responsible for the inter- 


facial tension reduction since Varsol contains no surfactant. 
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The interfacial tension between crude and Sample G 
in brine is reduced to less than 0.4 dynes/cm at a concen- 
tration of 0.5%, while Sample G in distilled water exhibits 
the similar interfacial tension at a concentration of 4%. 
This difference in Sample G concentration required to obtain 
the similar interfacial tension is attributable to the ef- 
fect of the inorganic salt, NaCl. The interfacial tension 
between crude and Sample G in commercial salt solution, was 
not reduced below 0.8 dynes/cm until the Sample G concentra- 
tion raised to approximately 15%. At a concentration of 
30%, the interfacial tension is reduced to essentially zero. 
The delayed interfacial tension reduction for Sample G in 
commercial salt solution is attributed to the effect of 
impurities in commercial salt. Divalent cations such as 
Catt and Mg’? produce insoluble compounds, Ca(OH), and 
Mg (OH) . on reaction with NaOH solution. These cations also 
react with carboxylate anions and precipitate in the forms 
of (RCOO) .Ca and (RCOO) .Mg Since the solubility of these 
salts is extremly low. Therefore, impurities consume cer- 
tain amounts of both NaOH and Carboxylate ions required to 
reduce interfacial tension. Similar phenomena have been 
observed by many investigators (107, 108, 109, 110). Among 
the impurities occurring in natural formation water, the 
calcium ion showed the most adverse effect on the interfac- 


ial tension reduction. 


£3: 


= $ODMOO 


at idinks 


iigitdo’ ot. 


~t> sry 
noteast 


sky 


~stfrsodoD | 
to ng Ljetsheorap 8 (SB 
Ons vis isasees ot penubex et nevanps fe bontasoah srt) . a 


al 2 ebqise ” x0 notdouber notaries isipsttedad: Dgal ie 


 tetsyioa, Bisa 


; 
; D. i, ; 
‘ Oe > ' i = 
1 Gu) om => 
a 4 v0 

ia fe yah 

eT es ; an 
\ 


s i8 waneee : xg ae inet oe. aa 3 
vedew boi bigest ft D. sigma arta “eve 30: 


nolisrsnseoe, S “3B: moranss Ssiostxadat t 
berigpey cottexsageces © 2 slqse ak 
ot eidstudiases ‘et nodemes intosteetes : aatonse’ 


Te 


istostzetat eT LO8% iiss velba ont 3 a, de 


LsieomttoS ae o dal bas ebuso 1 


a. ogee sit Lisi al 8. 6 wo bad, bewubon 3 
48at vi ecamixoxdes oo! boeken | _ 


1G. t5022S, anit: od boaugiayee et meisyTos atea, iets 7 


eh Have stot yes fnetevid 


oman énot $80 sess? 


‘ aarzat es mt ‘odetiniverq bas edotas atelyxodags: ddbw 


Ribeats 


390 saedon. yok iw ; 
os bexlupes anok sitet wxodas9 iree, 08% ized Fe etavoms: a 
“abet oven Ot a 
"pao OLE yeor 1802, , TOL) asodspidaovil yam a bevel 
| : add .nottew soiseriot iianten asta viikempee eolsisuad . - 
ee sad no » HORT Seiete ss aieias | -. 


hee, teense aa aokai 
noneutoa HOE +13 ivi pea " “i 


to Wil idetoe ait sonia PM (Oo8s) ies Cle po 


‘ \Stotorsdt ; 


swot: ylnsrdxe et, e 


maltmie 


: solemn: Istoshzetat 


= PS 
f 


x 
am 


62 


Samples B, E and G appear to be promising in reducing 
interfacial tension at relatively low concentrations. These 
samples have not only a high pH value but also contain car- 
boxylate ions (see Fig. 13). For these Sample-crude systems, 
the interfacial tensions fell to essentially zero at a pH of 
9.5, whereas sodium hydroxide-crude system required the pH 
to be at least 10.5. The low pH of the sample solutions 
required to obtain similar reductions in interfacial tension 
is attributable to the presence of carboxylate anions. 

Cooke et al (111) reported that the minimum acid number of 
crude oil required in successful alkaline flooding is in 
the range of 1.5. The acid number is defined as the weight 
in milligrams of potassium hydroxide required to neutralize 
One gram of the oil. .Therefore, if the natural acids con- 
tent of a certain crude is low, the required level of acids 
content necessary for enhanced recovery may still be 


achieved by the introduction of these sample solutions. 
Effect of Inorganic Salt on Interfacial Tension 


During the interfacial tension tests, it was observed 
that the presence of salt, NaCl, in the surfactant solutions 
accelerated the reduction of interfacial tension. A theoret- 
ical explanation for this phenomenon was attempted utilizing 
Gibb's adsorption equation. 

Consider the system of oil-water which contains sur- 


factant such as a sodium salt of carboxylic acid, RCOONa 
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together with a mre inorganic salt, NaCl. This surfac- 
tant will be positively adsorbed at the water-oil interface. 
The Gibb's adsorption equation for this system may be writ- 
ten as follows 

dy = --r 


ros 8 


wat7¥ya+ ~ Toi-Mc1- ~ "Rcoo-4Rco0- 
This relation may be simplified by introducing the 


chemical potential of the salt, 


Byaci ~ Unee ? Voi 


Urcoona ~ 'na+ + URcoo- 


and the condition for electroneutrality at the interface 


Tat = Treoo- * 'ei- 


Equation 6 becomes 


rae 


Opes c1-tyac1 


Rco0-4#RCcooNna 


At constant pressure and temperature the chemical potential 
of species i in an aqueous solution is determined by the 


relation 


sth. 0 ro : 
Ws = Uy + RT£na; Ua + RT2A,C; 


where As is the activity coefficient and Cc; the molar con- 


centration of species i. 
Since it asvezy difficult, if-not ampossible, ‘to 


measure individual ionic activity we may introduce the mean 
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ionic activity which is measurable. The mean ionic activity 


is the geometric mean of the individual ion activities; 


where the quantities, = and y refer to the number of 
cations and anions respectively. For uni-univalent elec- 
trolytes, the various activity coefficients are defined by 


the relations 


See 
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cRnaweuee 


where 1, and C, are’ the mean ionic activity coefficient and 
mean ionic concentration respectively. 
Hence, the chemical potential of RCOONa and NaCl can 


be expressed as follows. 
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URcoona ~ URcooNa * RPIn| 2 (wat, RCOO-) “nat 
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using these relations, equation 7 becomes 
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In rearrangement, this equation becomes 


ees Sipeoueee + Ty -FbnCay_ + Tyas denCy ay 
ie Sane Por Vagric 
RCOO- + (Na+ ,RCOO-) er + (Na+,Cl-)| 8 


If the ionic strength of the solution is dominated by 


th fe) i 
e concentrations of Nacl (Cracl >> CRCOONa) , Re ae faa. 


stant ionic strength the equation 8 is simplified to 


dv =<S-RTeT aenc 


RCOO= RCOO— 
This equation implies that interfacial tension is decreased 
as the concentration of carboxylate anion, RCOO is in- 
creased. In other words, the presence of organic electro- 
lyte in an aqueous solution decreases the interfacial ten- 
Sion. 

If the ionic strength of the solution is now in- 


creased by increasing the concentration of NaCl while keep- 


ing RCOONa concentration constant, equation 8 becomes 


+ Annas 


ay, == REE Nat ® ovat ,RC0O-) 


acoo-| 276 


In arriving at this relationship, we assumed an 
adsorption density for chloride ion is negligible because 
NaCl will be negatively adsorbed in the absence of organic 
electrolyte and:the chloride ion will be repelled from the 
interface in the presence of the positively adsorbed organic 


anion, RCOO due to electrostatic repulsion between the 
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charges of the same sign. The Cl ion is an indifferent ion 
which has no special affinity for an interface. 
Now we may introduce the Debye-Huckel limiting law 


for univalent ions in water solution. 
L 
anarz = = 127303; Ur 


where U is the ionic strength of a solution. The ionic 


strength for uni-valent ions is defined by 


where the sum is over all the different kinds of ions in 
the solution. 

The Debye-Huckel limiting law predicts that the log- 
arithm of mean ionic activity coefficient should be a linear 
function of the root of ionic strength (112). However, the 
approximations required in the theory restrict its validity 
to solutions which are very dilute. In practice deviations 
from the limiting law become appreciable as the concentra- 
tion increases. The change of mean ionic activity coeffi- 
cient due to the change of concentration becomes negligible 
as the concentration increases. Therefore, the decrease in 


the quantity i due to increasing ionic strength 


2 
+ (Na+ ,RCOO-) 


’ + 
will certainly be less than the increase in Na concentra- 


tion; 


2 


>> ARNN (nat | RCOO-) 


Agney a4 


The term in the square brackets in equation 9 is, therefore, 
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positive and the derivative of the interfacial tension is 
negative. The negative dervative of interfacial tension 
indicates that the interfacial tension is decreased by 
increasing NaCl concentration at a constant RCOONa concen- 
tration. 

The breaks in the interfacial tension reduction occur 
at cmc. Beyond this cmc, the interfacial tension does not 
decrease fiechab with an increase in the electrolyte concen- 
tration (113, 114, 115). Further additions of either organ- 
ic or inorganic electrolyte only increase the concentration 


of thesmicelles*insthHe solution. 


Displacement Test Results 


Summaries of the displacement test results and the 
results of the individual tests are presented in Table C - l 
to C - 44 in Appendix C. 

Scott (116) using the same displacement apparatus 
reported that initial core conditions could not be repro- 
duced by resaturating flooded out cores. Similar results 
were obtained in the present work during preliminary tests. 
Therefore, all displacement tests were conducted using clean 
sand. He also found that the period of water and oil satu- 
ration might influence the recovery performance of the core. 
The periods of water and oil saturation in the present work 
were held constant. The core was saturated with brine and 
aged for about 5 hours, and flooded with oil to establish 


the initial water saturation and the initial oil in place. 
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The core saturated with oil was then allowed to stand over- 
night, approximately 16 hours. 

A brine base flood defined the performance of each 
sand. All other chemical floods were compared to the base 
flood in order to evaluate the effectiveness of the chemi- 
cals on oil recovery. 

In order to generalize the recovery performace, 
normalization of oil recovery was done by dividing cumula- 
tive volume of produced oil by volume of initial oil in 
place (IOIP). This permitted oil recoveries to be expressed 
in dimensionless form. Similarily, the volume of water 
injected was expressed in pore volume of core (PV). 

Figure 14 shows oil recovery performace of brine 
floods. These floods exhibit a low oil recovery of 0.15 
IOIP at water breakthrough. Oil recovery after breakthrough 
is significant. About 40% of original oil in place was 
recovered when 5 PV of water were injected. Upon further 
injection of water, no significant volume of oil was pro- 
duced. The low breakthrough recovery and significant subor- 
dinate production are characteristics of brine floods. 

Figure 15 shows the effect of sand wettability on oil 
recovery for brine floods. Ultimate recovery from water-wet 
Sand 2 is higher than that from oil-wet Sand 1 by 18%. 
Recovery performance of Sand 2 is similar to that of Sand l 
until water injected reaches 0.8 PV. Beyond this, the oil 


recovery from Sand 2 increases markedly until water injected 
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reaches 1.8 PV, after which the rate of oil recovery is 
Stabilized similar, togthat of Sand: 1. 

For 1% Triton X-100 in brine solution, ino significant 
increase in oil recovery over that of a brine flood is noted 
until water injected reaches 1.6 PV. Beyond this point, oil 
recovery increases steadily. In order to reverse the wetta- 
bility of Sand 1 from oil wet to water wet, Triton X-100 
should penetrate the viscous crude oil layer which is highly 
immobile. Thus, no significant oil recovery is expected 
during the early stages of flooding. As the water displace 
the oil from sand surface, Triton X-100 would become more 
accessible to the sand surface and consequently change wet 
tability of the sand resulting in a steady increase in oil 
recovery. 

During the displacement tests, the pressure drop 
across the core was measured and recorded. The pressure 
drop ratio was calculated by dividing the pressure drop at 
a given cumulative pore volume of oil produced by the pres- 
sure drop at the beginning of water flood. 

Figure 16 illustrates the relationship between volume 
of water injected and pressure drop ratio. The pressure 
drop ratio for brine floods in Sand 1 decreases monotoni- 
cally with a sudden drop at the early stage of flooding 
history. On the:other hand, the pressure) drop ratio in 
water wet systems showed anomalies. 


The pressure drop ratio anomalies in tht range l - 
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2.3 PV water injected for 1% Triton X-100 flood in Sand 1 
are well matched with the additional oil recoveries over 
that of a brine flood. 

| Displacement tests were conducted using a number of 
other chemicals in the injected brine. The results of these 
tests are illustrated in Figure 17. Three chemicals, Na,- 
EDTA, sodium silicate and Sample G appear to be more effec- 
tive than sodium hydroxide. Alconox appears to be somewhat 
less effective than sodium hydroxide. Among these chemicals 
Na,EDTA shows the highest recovery characterized by high 
recovery after breakthrough which correlates well with the 
high pressure drop ratio at around 0.5 PV water injected 
(see Fig. 18). 

Figure 19 shows the effect of various sample solutions 
on oil recovery and Figure 20 illustrates the corresponding 
pressure drop ratios. As would be expected, Samples G, E 
and B in that order are very effective in oil recovery. On 
the other hand, Sample F appears to be less effective than 
the brine flood. 

Recalling that the pH of Sample F was not high enough 
to saponify the naturally occurring carboxylic acids in 
crude and that Sample F contained few carboxylate anions but 
large amounts of phenols which have been reported to have a 
diminishing effect on the interfacial activity, it is rea- 
sonable to expect that Sample F would have little effect on 


oil recovery. On the other hand, Samples G, E, and B have 
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relatively high carboxylate anion contents as well as high 
pH values. 

The results of a series of displacement tests with 
varying Sample G concentrations in the displacing brine are 
shown in Figure 21. Sample G floods at concentrations 
greater than 1% gave significant additional oil recovery 
over that of a brine flood. However, for Sample G floods at 
concentrations greater than 9.7%, oil recoveries tend to 
remain constant. Therefore, the optimum concentration of 
Sample G in successful floods appears to be in the range 
1 - 10%. Sample G floods at concentrations higher than 4% 
were more effective than sodium hydroxide floods. 

In general, displacement tests using Sample G are 
characterized by the very high recovery at breakthrough and 
little additional recovery after breakthrough. A 100% Sample 
G flood appears to be less effective than the brine-Sample G 
mixture. The absence of sodium chloride in pure Sample G 
is believed to be responsible for this phenomenon. 

Pressure drop ratios during Sample G floods at vari- 
ous concentrations are shown in Figure 22. It is of inter- 
est to notice that the pressure drop ratios do not decrease 
rapidly during tests conducted with Sample G at high concen- 
trations and that the sustained high pressure drop ratios 
are in full agreement with high breakthrough recoveries. 

For Tests 18, 20 and 35, the pressure drop ratios during the 


early stages of floods are sustained at a high level for a 
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given volume of water injected resulting in high oil recov- 
ery. 

The influence of Sample B concentration on oil recov- 
ery is shown in Figure 23. Sample B concentrations higher 
than 1% exhibit high oil recovery at water breakthrough as 
well as at 3 PV injected. Sample B at concentrations in 
the range, 1 - 2% shows increases in oil recovery over that 
of the 100% Sample B flood. Therefore, the optimum concen- 
tration range for Sample B in brine flood appear to be l - 
20% at which water-oil interfacial tension becomes essen- 
tially zero, whereas interfacial tension at a concentra- 
tion of 100% is 9.4 dynes/cm. 

The recovery profile of Sample B flood is character- 
ized by a low breakthrough recovery but a high ultimate 
recovery. The recovery behaviour of a 100% Sample B flood, 
however, is similar to that of Sample G with high break- 

through recovery and little additional recovery after that. 

Figure 24 shows the effect of Sample E on oil recover- 

y. The 1% Sample E flood shows higher oil recovery than 
that of a brine flood, but lower recovery than that of a 1% 
sodium hydroxide flood. Recalling that the pH of sample 
solutions should be at least 9.5 for satisfactory interfa- 
cial tension reduction and that pH values of 1% NaOH and 1% 
Sample E were 13.2 and 8.6 respectively, one would expect 

1% sodium hydroxide to be more effective than 1% Sample E. 


On the other hand, since Sample E showed a high carboxylic 


& 3 ‘ Bets! 
‘ ‘ ") i) a i af : 
: Pe a hy ; * 
ny i ay) ws 


roo" tie tom cokes 3m@0neD, g otanis® ‘to ebneL 


tanpia ano ks eytneon09 a. lane -€8 savelt at 
25 devosdssieote x~staw 3B" yasugdet Lio apie | 

hi ehotsextasoao" 48 a oLomse "  eaaeeb To 
jadd uevo yasvoosx bis as sogesttoa: aiveue | ons 
— HAO ROD mMED IO eds satononed? ‘Bob lty 8 ola 
Fee: od od 1eETgs Bool etiad: mt a alanis, ia 

i e2o: 26oosd noiensd, {stoptussat tio-etew: 


-exdauonoD 5 $8 no fenes Isinstsszat esotenw " ; Ye 


sp \aenyb b. é at #00 


<reioeaedo ak BS colts a Siamese to sl izotg wis g29 
ad anit Lye ge 6 Sud Nxevones fouowtaitagaa’ wok " 
booth 6 elgmee 8905) 5 ae twolvaded yrowoper. ont 
bapa fipid ens a eiginee, Jatt O89 ‘phate cs semi 
dees ‘yodts vEsvooST ena tbbs eistit bas yawn 
etser' RIO. WE. Bh ataihee Bia) Baetts pre aworla AS oxspkt | 
fusits ’ vigvosor ti tsdele| Shea, poolt Re stoma ig ear, | iy) 7 

o£ #30 seit) cits visvoo st sew sud boot ee oe 


‘Spbepipe ko. ‘Be arts sens: palisenen, sbooda: 


-pTtsttt ysosietai tsa, x2 e e eset is od ° tue 4 bs isehte 
ie hen ee 
€L pas HOBU’ FE to eouley He: suds Bris cottoubet mofenes Tes |: 

41 "omy, ae 
tesqxa bavow ano stievisesaesi 2 8 bas S et stSw & algns® Bree 
me = ih ek merit sytipetas, exon. sd, ‘6d Social ck itukbor a ri 

ale ey 


ia I + - if A i Sh a 


83 


T CNWS 


SLSaL LDNHAWHOVIdSIG @ AIdWVWS WYOd AWHAOOEA TIO - €¢ °OIA 
pezoefuy sewmyo, x10g eaATyeTNUIND 


v € 4 T 


q ejduies %] 
q etdueg %2 
q ejdwies 
eulig 
uoTIN]OS 


dIOI % ‘Ppe°npord T!O 


& sigrirse 
& signee ars 
a sigmise ofl 


i 


i 


batsaitl eersuloV 


F 


etol svitelunii2 


pelenhew & 


? 


i 


ogaceg 


. 


| 


DH BE 


* @IGIb 


ae 


84 


T CNVS 


- SLSAL LNAWHOWIdSIG © SIdWWS YOd AWHAOOTA TIO - 


pezye(uy saumMyo, eL0g sxsATPeTNUIND 


HOPRN %T 

q efdureg %] 
m ejdwies %6P 
m aiduies 
sulig 
TOuMTOS 


x4 
tv 
Be 
VI 


7 
“oN joquiks 


4 


VC 


“Ola 


dIOI % ‘pe29npord 11oO 


ee. ee 
bs “@ elgqrise et . St 
H sigtse oP! ib 

HOsv i - 8S 


mm 


ie a 


bejosinl esmirioy 


en A) he, Vw 


proguceg’ @ 


aa 


i 


QU 


85 


acid content in the infrared test, the increase in oil 
recovery for 1% Sample E over that of a brine flood can be 
attributed to the role of carboxylate ions. The optimum 
concentration in successful Sample E floods appears to be 
in the range,-1 - 50%. 

In spite of the relatively high interfacial tension, 
3.7 dynes/cm at a concentration of 50%, the Sample E flood 
exhibited maximum oil recovery at that concentration. This 
phenomenon may be explained by employing the concepts of 
dynamic and static interfacial tension. A solution having 
a surface active agent and whose interface is not in equi- 
librium will, in general, exhibit an interfacial tension 
considerably greater than the Statrettension?(1)7) 7 -oLf.the 
water-oil interface is agitated by mechanical means, the 
excess concentration of surfactant at the interface will 
be removed by the turbulence. The interfacial tension at 
the newly formed interface will then be increased. There- 
fore, a higher surfactant concentration would be required 
in a dynamic system to obtain the same reduced interfacial 
tension obtained in a static system. At Sample E concentra- 
tion of 20%, the interfacial tension in a static condition 
was 0.8 dynes/cm. In order to obtain the same interfacial 
tension in a dynamic system, the concentration of Sample E 
should be higher than 20%. 

For sample solutions such as B, E and G, the 100% 


sample solutions appear to be less effective. This can be 
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attributed to the absence of sodium chloride in the pure 
sample solutions. 

The results of displacement tests using combinations 
of various chemical solutions are shown in Figure 25. Test 
10 using 1% sodium hydroxide followed by 1% Alconox recovers 
little additional oil over 1% sodium hydroxide. Sample B 
flood followed by Sample G is less effective than Sample G 
flood followed by Sample B. 

In order to determine the recovery efficiency of 
sample solutions on flooded out cores, delayed Sample G 
injections into the flooded out cores were conducted. 

Figure 26 shows delayed Sample G floods conducted at differ- 
ent reinjection pressures and different stages of flooding 
history. For Test 12, a brine flood was conducted until 

4.3 PV injected was attained where the pressure drop across 
the core was 5.6 psi. Sample G injection was then followed 
employing a reinjection pressure of 97 psi. For Test 37, 
the delayed Sample G injection was performed after 4 PV of 
brine had been injected. The pressure drop at 4 PV injected 
was 5 psi and the same pressure, 5 psi was used as reinjec- 
tion pressure. The only difference in conditions between 
Test 12 and Test 37 is the reinjection pressures, 97 and 5 
psi- respectively.» Therefore, the additional oil recovery in 
Test 12 over Test. 3/7). can be attributed to the high flow rate 


due to the high reinjection pressure of Test 12. 
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For Test 36, delayed Sample G injection was started 
at 2.8 PV injected with the same reinjection pressure, 97 
psi as that of Test 12, where the delayed Sample G inject- 
tion was started at 4.3 PV injected. Additional oil recovery 
in Test 36 over Test 12, therefore, comes from the difference 
in the depletion state of cores before the delayed Sample G 
flood started. Sample G floods in the early stages of devel- 
opment seem more effective than in completely flooded out 
reservoirs. 

Pressure drop ratio plots for Tests 36 and 37 are 
shown in Figure 27. The reinjection pressure increases 
immediately after delayed Sample G injection and decreases 
readily as usual after Sample G breakthrough. As will be 
discussed later, the increased pressure at the beginning of 
the delayed sample injection is an indication of the forma- 
tion of water-in-oil emulsion and in full agreement with the 
additional oil recovery. 

A feasibility test of slug injection was done with 
Sample G. The result is shown in Figure 28. A 0.22 PV 
slug of Sample G followed by brine injection shows the 
practicaly same recovery performace as that of continuous 
Sample G flood. From an economical point of view, the 
field application of a sample flood should be based on slug 


injection rather than continuous injection of pure sample. 
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Effect of Emulsions on Oil Recovery 


During the displacement tests conducted with chemical 
solutions, the production of stable emulsions was observed. 
Most of the displacement tests conducted with oil wet Sparky 
sand produced a water-in-oil type of emulsion, whereas a 
Triton X-100 flood produced an oil-in-water emulsion. 

The type of emulsion depends on various factors such 
as the relative volumes of the two phases, their relative 
position, the concentration of the emulsifying agent and the 
nature of the latter (118). Hence, there is a tendency for 
water-oil mixtures to form an oil-in-water emulsion when the 
volume of oil is smaller than that of water and a water-in- 
oil emulsion when an excess of oil is present. If the walls 
of the vessel in which the two components are agitated to- 
gether have been previously wetted with one of them, this 
liquid tends to be the external phase (119). Therefore, 
the formation of a water-in-oil emulsion is expected from 
an oil-in-water emulsion. Cooke et al (120) reported that 
high salinity also leads to the formation of a water-in-oil 
type of emulsion. | 

The viscosity of an emulsion depends very much upon 
the emulsion type. As was mentioned earlier, the viscosity 


of emulsions is given by the equation 
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This equation indicates that the viscosity of an 
emulsion is a linear function of the viscosity of the exter- 
nal phase, Ue: If oil is more viscous than water, the vis- 
cosity ofa waterdin=di1 emulsion is higher than that of 
oil-in-water emulsion and vice versa. The viscosity of 
Lloydminster crude oil is 2800 cp, while that of brine is 
only 0.993 cp. Therefore, the viscosity of water-in-oil 
emulsion is apparently higher than that of oil-in-water emul- 
sion. 

The increased oil recovery in the successful sample 
floods in Sparky sand cores can be attributed to the effect 
of this high viscosity of water-in-oil emulsions. The re- 
covery mechanism in this case can be explained as follows. 

By lowering the water-oil interfacial tension, sapon- 
ification of carboxylic acids naturally occurring in the 
Lloydminster crude oil gives rise to spontaneous emulsifi- 
cation and stabilization of emulsions formed by mechanical 
dispersion of water in the 0il phase. The presence of sur- 
factants in sample solutions will accelerate this in situ 
emulsification. Viscous water-in-oil emulsions so formed 
in the pore spaces effectively close many of the flow paths 
that were formerly available to the flow of wateron@ ASS a 
result of this, an emulsion bank is then formed at the dis- 
placement front. The resistance to flow of the emulsion bank 
causes the large increase in pressure gradient behind the 


displacement front until the pressure gradient overcomes the 
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resistance to flow of the emulsion. The emulsion bank then 
displaces oil very efficiently with the stabilized front 
reducing viscous fingering and eventually increasing volume- 
trte sweep efficiency. 

In support of the formation of the emulsion bank, it 
is of interest to recall that the pressure drop ratio during 
the most successful floods did not fall rapidly until water 
injection reached 0.5 PV (see Fig. 22). Upon further injec- 
tion, the pressure drop ratio decreased readily. 

In the case of the Triton X-100 flood which produced 
oil-in-water emulsions, the viscosity of an oil-in-water 
emulsion is higher than that of water. However, the viscos- 
ity of this emulsion is nevertheless lower than that of the 
crude oil. Thus the formation of a stabilized emulsion bank 
is unlikely to take place, which is indeed confirmed by the 
monotonically decreasing pressure during the early stages 
of the flood (see Fig. 16). Therefore, the volumetric sweep 
efficiency of Triton’ X-100: flood is) very* low during the 
early stages of a displacement test and its breakthrough 
recovery is very low. 

On the other hand, Triton X-100 shows a different 
recovery mechanism. Since Triton X-100 is a strong wetting 
agent, oil drops roll up into spheres due to modification 
of the contact angle resulting in the formation of oil-in- 
water emulsion. The increased oil recovery at the latter 


stage of a Triton X-100 flood may be attributed to detergent 
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action, which leads to wettability reversal of the sand from 
oil wet to water wet. 

Unlike a macro emulsion, a micro emulsion formed by 
spontaneous emulsification is thermodynamically stable and 
is micellar in character. Micro emulsions, therefore, 
give rise to the miscibility of water with oil through solu- 
bilization. In many cases, it is difficult to identify the 
external phase (121). Because of this miscibility , a micro 
emulsion will displace oil very effectively (122). 

In combination with surfactants in the crude oily 
the additional surfactants in the sample solutions will, 


therefore, enhance the formation of the micro emulsions. 
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CONCLUSIONS 


As a result of this investigation, the following 


conclusions can be made: 


ie 


Some of the waste effluents which have either high 
surfactant concentrations or high pH values appear to 
be effective in enhancing oil recovery. Small amounts 
of Samples B, E, and G in brine showed significant in- 
creases in oil recovery over brine flood. However, 100 
percent sample solutions were somewhat less effective 


than the mixture of brine and the sample solutions. 


The pH of sample solutions required for successful 
floods should be at least 9.5 to saponify naturally 
occurring carboxylic acids in the Lloydminster crude 


oil and eventually to increase oil recovery. 


Delayed injection of Sample G into a previously flooded 
out core recovered significant additional oil indicating 


that Sample G can be used in tertiary recovery. 


A 0.2 pore volume slug of Sample G appears to be as 
effective as a continuous Sample G flood. In some cases 
where the carboxylic acid contents of crude oils are low, 
it may be advantageous to inject a slug of the sample 
solutions into a reservoir ahead of the injected water. 
In so doing, the cost of sample flood could be reduced 


significantly. 
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Enhanced oil recovery in the successful sample floods 
can be attributed mainly to the formation of water-in- 
oil emulsions and their excellent volumetric sweep effi- 


ciency with the stabilized emulsion bank front. 


The effect of emulsion on oil recovery depends upon the 
type of emulsion. In heavy crude oil reservoirs where 

the viscosity of the oil is much higher than that of the 
water, a water-in-oil type of emulsion is more effective 


than an oil-in-water emulsion. 


Lloydminster crude oil contains carboxylic acids which 
form soaps when in contact with alkaline solutions. 
Samples B, C, E, F, and G contain surfactants, which 


seem to be related to carboxylate anions. 


Carboxylate anions appear to be the major contributors 
to the reduction of water-oil interfacial tension and 


to in Situ emulsitiicatrion. 


The effect of inorganic salts on the interfacial tension 
in ionic surfactant solutions may be elucidated theoret- 


icaly by utilizing Gibb's adsorption equation. 


The role of reduced capillary pressure, resulting from 
the low water-oil interfacial tension on the displace- 
ment efficiency appears to be insignificant. However, 
lowering interfacial tension gives rise to in situ emul- 


sification. 
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NOMENCLATURE 


surface area 


activity 


cationic and anionic activities respectively 


mean ionic activity 


concentration 


concentrations of cation and anion respectively 


mean ionic concentration 


constant, 0.004534 - 1.679—~— 
R 


constant, about 30 

densities of lower and upper phase 
universal constant, 0.7250 
ELrecsenergy 

surface free energy 

correction factor for tension measurements 
fractional flow of water 

universal constant, 0.0009075 
diameter of core 

initial oil in place 

absolute permeability 

hydrolysis constant 

effective permeability of oil 


effective permeability of water 


relative permeability of oil 


constant 
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length 

number of moles 

number of moles at surface 

pressure 

capillary pressure, Ps = Ps 

pressure in oil phase 

pressure in water phase 

pore volume 

alkyl group 

gas constant 

radius of ring 

radius 

entropy 

surface entropy 

temperature 

apparent surface or interfacial tension 
ionic strength 

volume 

total flow rate per unit cross sectional area 
adsorption density 

surface tension or interfacial tension 


total interfacial tension of water-oil system 
with emulsifiers 


interfacial tension between water and oil 
contact angle 


activity coefficient 
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individual ionic activity coefficients 
mean ionic activity coefficient 
chemical potential 

viscosity of emulsion 

viscosity of external phase 

oil viscosity 

water viscosity 
total number of ions ¢ 
number of cations and anions respectively 


spreading pressure 


volume fraction of internal phase of emulsion 


critical finger distance 
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APPENDIX A 


MATERIAL PROPERTIES 
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TABLE -A~ =r 


Sands Properties 


Sand Number Sand Identification 
a Sparky sand from Lloydminster area 
cleaned with hot water and varsol. 
Oven dried at 210° F for 10 hours. 
2 Ottawa sand 80 - 120 U.S. Mesh in size. 
Sieve Analysis of Sparky Sand 
Mesh Weight Weight Cumulative 
U.S. Series gr % Weight 3% 
+35 OL 0 100 
-35 +48 0:23 O24 100 
-48 +65 294.0 6255 SNS 
-65 +100 SIS Dve2 37.4 
-100 +150 STL L22 16.4 
-150 +200 14.5 Biel: 4.1 
-200 4.8 13.0 0. 
Atomic Absorption Test of Sparky Sand 
Employing LiBOg Fusion Method 
Sample Weight Organic 
No. Material ne Mg Ca 
i 0.2010 2020 Gp. 1.95 ppm. 0.22. ppm 2.0)" ppm 
2 02030 2.080 gpk. 2.0) Vopm? “0. Loappe ae. 1: ppm 
3 0.2028 2-028-GgpL 2.0. 'ppm O25. ppm: | 1) .ae-ppm 
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TABLE A - 2 


Properties. of. Oils 


Crude Oil 

Lloydminster crude oil with water removed. 
Densatyy —. 0). 95153 gm/ee 

API Gravity - 16%.7° 


Basic Sediment and Water - 0.1 % by volume 


Viscosity Measurement - Weisenberg Rheogoniometer 


Shear Rate RPM Viscosity Temperature 

6.28 5.68 2843 cp 7208 

3 14 2.34 2843 cp 72° F 

0.994 0.9 3119 cp eee. 

0.314 0.284 2843 cp 72 OF 
Other Oils 

API Gravity Density Mixture Viscosity 

Oil (o) (gm/cc) Ratio (cp) 
Varsol 50.4 0.778 = 0.414 


Varsol-crude 44.7 0.803 Grueat L080 
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TABLE A - 3 


Properties of Aqueous Solutions 


Brine 
Prepared with 84.84 gm of NaCl per liter of solution 
Density - 1.053 gm/cc 


Viscosity - 0.993 cp 


Sample Solutions 


Sample Density pH Viscosity “(cp) 
A 1.001 thea! 1.48 
B 1.003 12.6 1.42 
C 0.998 9.0 1.43 
D 0. 29:7 7.2 1.41 
E 1.010 11.4 1.47 
is 1.002 J. 1.42 


G 1.020 a 2ies 1.63 


Me ey 


(qo) yttpopeiy 
ae | 
eh. 


TABLE A - 4 


Identification of Chemicals 


Inorganic Chemicals 


Chemical Name 
Sodium Chloride 
Sodium Sulfate 
Sodium Hydroxide 
Sodium Silicate 


Sodium Carbonate 


Surfactants 


Name 
Sodium Oleate 
Oleyamine 
Alconox 


Triton X-100 


Sodium Ethylendiamine 


Tetraacetate 
(Na, EDTA) 


Chemical Formula 


NaCl 


NaSO 


2 
NaOH 


4 


Na,S10, 


Na,CO, 


Source 


Ko ce Kae Oey OTC s 


Rute Ko Dabeng sinc. 


Aleonox, inc’. 


Union Carbide, Co. 


Aldrich Chem., Co. 
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APPENDIX B 


IMBIBITION AND INTERFACIAL TENSION RESULTS 
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Varsol 


Varsol-Crude 


Brine 


0.5% NaOH-Brine 
0.5% NazCO3-Brine 
0.5% Na4EDTA 

0.1% Na-Oleate 

1% Na2Si03 

1% Alconox 

1% Triton X-100 


Sample 
Sample 
Sample 
Sample 
Sample 
Sample 
Sample 


QAvTAwY 


BENCH TEST RESULTS 


Imbibition of Fluids into Dry Sand 
Imbibing Fluid 


Sand 1 


SP 
SP 
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Sand 2 


Imbibition of Fluids into Varsol-Crude Saturated Sand 


Imbibing Fluids 


Brine 


0.5% NaOH-Brine 
0.5% Na.CO3-Brine 
0.5% NagEDTA 

0.1% Na-Oleate 

1% Na2SioO 
1% Alcono 
1% Triton X-100 
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SP: Spontaneous Imbibition 
N: No Imbibition 

SL: Slow Imbibition 

VSL: Very Slow Imbibition 
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